provide stress relaxation for the cement. Precise micro-CT was used for measurements. limitations: Cement movement in this study was limited to the tracking of tantalum ball migration within the cement, rather than the movement of the cement itself.
introduction
Since the cement fixation system of femoral stems for total hip arthroplasty (Tha) was established in the 1960s, a variety of different concepts have been applied to the development of the associated implants. Recent studies of cemented stems have reported different outcomes depending on the surface finish. 1, 2 Bedard et al, 3 in a review of long-term clinical outcomes over more than 20 years suggested superior outcomes for polished surface stems. according to lee et al, 4 the polished tapered stems slipped in the cement and created considerable compressive stress at the bone-cement interface, but with little shear stress. kaneuji et al 5 verified this theory using a biomechanical model, and demonstrated that the polished tapered stems were associated with greater subsidence and compressive force at the bone-cement interface than was seen with rough surface stems. The authors also reported that thicker cement mantles led to greater subsidence of the stems and higher compressive force.
however, excessive subsidence of the stem has been associated with stem loosening, 6 and it is still unclear whether thickening the cement mantle leads to better outcomes. Many studies have reported good outcomes for a cement mantle thickness of at least 2 mm, 7-13 but a favourable outcome with a thin cement mantle was also reported for polished French stems. 14, 15 These findings are termed the "French paradox", and the reason for the outcome remains unclear. Up to this point, no basic experiments have been performed to investigate the appropriate thickness of the cement mantle for polished stems.
This study was conducted to investigate the subsidence of stem and cement, using polished tapered stems in varying thicknesses of cement mantle, and to measure three-dimensional (3d) cement creep in order to determine the optimal thickness of the cement mantle.
Materials and Methods
We used a biomechanical instrument that has already been reported by kaneuji et al 5 for this study, and measured stem subsidence after a loading test. We implanted tantalum balls in the cement and measured their movement with a micro-CT scanner. details of the methodology are described below. prosthesis. We used clinically available collarless polished tapered (CPT) stems (Zimmer Biomet, Warsaw, Indiana) with less than 0.1 µm in surface roughness. The stems were tapered from proximal to distal on both the frontal and lateral sides. This study used a total of six CPT stems: two each of small, medium and large (Fig. 1) . The most proximal transverse diameter increased by 2.5 mm, and the offset diameter increased by 2 mm, between the small and medium stems and between the medium and large stems, respectively. The stems were made of cobalt-chromium (CoCr) alloy. Composite femurs. We used composite femurs #3403 (Pacific Research laboratories, Inc., vashon, Washington) that resembled human femurs in form and in mechanical and material characteristics. 16 The composite femurs were cut at the femoral neck. all the femurs were reamed with a large No. 3 rasp (Zimmer Biomet), and CPT stems in different sizes were inserted to provide a variety of cement thicknesses. as a marker for 3d analysis by micro-CT, four tantalum balls 0.4 mm in diameter (Bal-tec, Micro Surface engineering, los angeles, California) were embedded in the outer circumference of the composite femurs 1 cm proximal to just above the lesser trochanter ( Fig. 2a and Fig. 2b) . Similarly, tantalum balls 0.4 mm in diameter were embedded circumferentially near the tips of the stems (Fig. 2c ) that were to be inserted into the femur models. each ball-composite femur unit was then soaked with blended vegetable oil, made of rapeseed oil and soybean oil, (The Nissin oillio group ltd., Tokyo, Japan) for 24 hours (Fig. 2d) to mimic the wet conditions of the in vivo femoral environment. Loading test equipment. The composite femurs were attached to the testing instrument, which was composed of S45C structural carbon steel and epoxy resin (devcon B; ITW Industry Co. ltd, osaka, Japan). The epoxy resin was shaped in the same external form as the composite femurs. Bone cement (osteobond; Zimmer Biomet) was mixed in a vacuum cement mixing system, and 80 g of the mixed cement was inserted into the composite femur using a cement injection gun. Tantalum balls (1 mm in diameter) (Bal-tec, Micro Surface engineering) were attached to the tips of the stems using glue (Fig. 2c) . a centraliser was also attached before inserting the stem into the composite femur. a bone plug made of wax was fixed into the femoral canal. Before the cement solidified, two or three 0.6 mm tantalum balls were placed in the cement at approximately the same height as the markers embedded in the proximal position of the composite femur (Fig. 2b) .
The hip prosthesis model was kept at 37°C to mimic the conditions of the in vivo environment. a temperature sensor (T-35, Takigen MFG Co., ltd, Tokyo, Japan) was attached to the epoxy resin used to fix the composite femur, so that the temperature from a heater (G6a92 240v, 250W; Takigen) was maintained at 37°C. Methods and duration of loading. loading was applied at an internal angle of 15° on the coronal plane to the metal femoral head (Co-Cr, 26 mm in diameter), attached to the stem neck. 17 Sine wave load (1 hz, 3000 N) was applied 500 000 times. This was estimated to be equivalent to the load of a six-month walk. 18, 19 The test load of 3000 N was considered to be equivalent to the load to the hip joint of a 70 kg person in a standing position on one leg. 18 The loading tests were conducted using a fatigue strength testing system (ehF-UM 300kN-70l; Shimadzu Corp., kyoto, Japan). In this experiment, an eighthour unloading period was applied between the 16-hour loading periods to mimic an actual sleeping period in clinical settings. Unloading periods were considered to be important for stress relaxation of the cement. Measurement data were obtained over time using a 5 mm digital displacement gauge (dTh-a5; kyowa electronic Instruments Co. ltd, Tokyo, Japan) placed at the stem shoulder (Fig. 3 ). data were sent automatically to a personal computer by means of data collection and analysis software (Sensor Interface PCd-300a; kyowa). each set of data, measurements collected for eight minutes every hour automatically, was sorted into a file to collect 10 000 data sets, and the data were entered into the computer. a total of 216 files were extracted per loading test. The measurement data were adjusted and converted to units of distance. each of the 16-hour loading and eight-hour unloading periods of each day were divided into the early, middle and late phases, and the first two files from each phase (a total of 20 000 data sets) were used. Subsidence was defined as the mean of the maximum values of sine waves from the 20 000 data sets of each phase of the loading period. The mean values of the 20 000 data sets of the unloading period were also collected. Perpendicular migration of the tantalum balls at the end of the stems was measured by micro-CT, and this was used as the final amount of subsidence. Before and after loading, 3d images of the areas within a 2 cm radius of the markers were obtained using a micro-CT (Microfocus X-ray CT System) scanner (ToSCaNeR-32250 µhd; Toshiba IT & Control Systems Corp., Tokyo, Japan) to measure the amount of migration for the tantalum balls within the cement and for the balls that were attached to the stem tip. Images were taken with a slice spacing of 95 µm. The maximum spatial resolution of the micro-CT scanner was 5 µm. In the cross-sectional CT images in which the tantalum balls were detected, the shortest distance of the line segment that intersected a ball between the bone and the stem was defined as "cement width." These images were also used to measure the shortest distance between the centre point of the anterior, posterior, medial and lateral surfaces of the stem and the canal bone. The mean value for these four measurements was defined as the "mean cement thickness" for each stem (Fig. 4) .
The distance of the migration of a tantalum ball can represent the distance of cement movement in a specific location. With this measuring method, the embedded markers in the composite femur were used as a reference point. The position of a tantalum ball before applying load was defined as the original point, and the 3d coordinate values after applying load were calculated. The horizontal distance of the outward or inward migration related to the femoral medulla was expressed as "+" and "−", respectively. For the amount of perpendicular migration, data were obtained on the distance parallel to the axis of the bone. Movement in the direction of subsidence was expressed as "+". Statistical analysis. The correlation between stem subsidence and mean cement thickness was investigated using Pearson's correlation coefficient. The relationship between the behaviour of tantalum balls and cement thickness was investigated using Spearman's rankcorrelation coefficient. a comparison of the movement of balls in two different thicknesses of cement was investigated using the Mann-Whitney U test. a significance level of 0.05 was used for these tests. Statistical analysis was performed using Statview version 5.0 (SaS Institute Inc., Cary, North Carolina).
Results
Stem subsidence. a digital displacement gauge, placed at the stem shoulder during testing, showed that all stems subsided after cyclic loading (Fig. 5) . This subsidence was partially reversed during the unloading periods, but increased gradually over time. The smaller stems tended to be associated with greater subsidence; each of the small stems subsided further than either of the large stems. The mean values and standard deviations (sd) for final subsidence, as measured at the balls attached to the tips of the stems, were 0.179 mm (sd 0.084) for the large stems, 0.375 mm (sd 0.091) for the medium stems, and 0.495 mm (sd 0.126) for the small stems. Cement thickness. Mean cement thickness decreased as stem size increased: 1.52 mm (sd 0.45) for the large stems, 2.19 mm (sd 0.96) for the medium stems, and 2.57 mm (sd 1.61) for the small stems. a strong positive The testing instrument. a composite femur with stem was inserted into the testing instrument. a metal head was attached to the stem neck and was placed in contact with a loading bar (2). a digital displacement gauge (1) was placed at the stem shoulder to measure stem motion continuously during loading and unloading periods. correlation was observed between mean cement thickness and final stem subsidence measured by the ball at the end of stem, with less subsidence associated with a thinner cement mantle. (Fig. 6) .
investigation of the amount and direction of cement creep. a total of 13 tantalum balls (three for one of the two small stems, and two each for the other stems) were visualised in the micro-CT images. all of the visualised tantalum balls were found to have moved in the direction of stem subsidence. The mean distance of ball subsidence was 0.301 mm (0.015 to 0.607, sd 0.231). Table I shows measured and calculated values for different ball sizes.
The mean ratio of ball subsidence:stem subsidence was 102.9% (97.8% to 113.5%, sd 6.4%) for small stems, 68.4% (19.6% to 97.3%, sd 36.7%) for medium stems, and 38.2% (8.0% to 92.4%, sd 40.6%) for large stems. For small stems, the balls subsided downwards to almost the same extent as the stems.
The mean horizontal movement was 0.038 mm (−0.082 to 0.290, sd 0.103).
eight tantalum balls moved outwards, and five moved inwards. Inward movement was noted in three of five tantalum balls for the small stems, two of four for the medium stems, and zero of four for the large stems. The mean horizontal:downward ratio of ball movement was 66.3% (−14.4% to 286.7%, sd 102.2%) in all balls. This ratio for the large stems was 202% (146% to 287%), indicating effective radial cement creep. The mean ratio for the small and medium stems was −1.1% (−14.4% to 23.0%), indicating that the thicker cement tended not to move in a horizontal direction by stem subsidence. Spearman's rank-correlation coefficient showed a negative correlation between the horizontal:downward ratio of ball movement and cement width (Spearman's rank correlation coefficient ρ = -0.70, p < 0.05); thin cement mantle was associated with a higher percentage of outward movement. When compared to the movement of Graph showing stem subsidence. all stems subsided rapidly on the first day, after which subsidence continued gradually. all stems subsided down during loading periods and rose up during unloading periods. This stem motion was observed repeatedly on a daily basis during the testing of all stems. balls in two different thicknesses of cement (≥ 2.5 mm and < 2.5 mm), we found a significant difference in the horizontal:outward ratio of movement between the two groups (p = 0.03); outward movement of the balls was observed significantly more frequently for the cement width of < 2.5 mm (Fig. 7) .
Discussion
Currently, at least 2 mm of cement width is recommended for cemented stem fixation, and this recommendation is widely accepted. 7-13 a thin cement mantle is considered to be less capable of absorbing energy and to be associated with poor outcomes, with potential for cracking and breakage. 20 localised cement defects have reportedly been associated with osteolysis and/or stem loosening, because the defect allows a passage for wear debris particles to travel from the stem-cement interface to the cement-bone interface. 21 These findings support the recommendation for a cement mantle thickness of ≥ 2 mm. however, many reports have been based on rough-surface stems, and it has been unclear whether the same findings would be observed for polished-surface stems. el Masri et al 15 reported that polished collared tapered stems, inserted using a line-to-line cementing technique to create a thin mantle, were associated with favourable long-term results. This phenomenon is called the "French paradox". however, increased loosening has been reported for French rough-surface stems. 14 This implies that it may be important for rough-surface stems to be used with a cement layer at least 2 mm in thickness.
To date, very few studies have reported on the question of whether the cement thickness for polished tapered stems should indeed be ≥ 2 mm. Scheerlinck et al 22 conducted CT analysis of femoral hip implants that had been inserted line-to-line versus one-size undersized in paired cadaver femurs, and found that the lineto-line stems resulted in better alignment. Moreover, the mean thickness of the cement mantle for the stems inserted in a line-to-line fashion was 3.08 mm, while cement defects defined as ≤ 1 mm in thickness were found in only 6.2% of the cement. 22 This suggests that actual cement defects may not be significant even if cement layers appear thin in radiographs. Janssen et al 23 found that, based on finite element analysis, stems inserted in a line-to-line fashion were associated with more favourable rotation stability and less cement damage than the one-size undersized stems.
In polished stems, lee et al 4 reported that a strong compressive force was exerted at the bone-cement interface as the polished stem slipped within the cement. The present study on collarless polished tapered stems supports the theory that effective radial cement creep (i.e. outward movement of balls) is more likely to occur if the cement mantle thickness is ≤ 2.5 mm.
our findings also suggest that, if the cement mantle were too thick no effective radial compression would occur and the cement would subside along with the stem. This leads to the conclusion that undersized cemented stems are not desirable. Physically, cement is considered to be strong in compression but weak in shear and tensile stress. 4, [24] [25] [26] The use of undersized polished tapered stems could therefore be associated with cement breakage or stem loosening because shear stress is exerted on the cement as the stem subsides.
Stem subsidence and cement creep may be affected by the different surface finish of stems. a recent basic experiment of similar composite femurs showed that a cement mantle thickness of ≥ 5 mm could lead to cracking at the cement-bone interface for Charnley and lubinus SP II stems. 27 This suggests that the use of undersized stems for the purpose of attaining greater cement thickness could also increase the risk of stem failure in the non-polished stems. The present study has the following potential limitations: this is a biomechanical study, not a human body; load was applied in one direction only. actual hip motion is not in a single constant direction; observations were limited to the tracking of tantalum ball migration in the cement rather than the actual movement of the cement itself; different alignment of the inserted stems may yield different results; no loosening of the stems was observed after testing, which could mean no difference in durability based on cement thickness; and this study used CPT stems; the use of other types of stem or cement might not yield the same results. In addition, the study did not address the behaviour of stems and cement in instances of cement defects or a very thin cement mantle.
Nevertheless, the study results may provide important basic data for polished tapered stems. our findings suggest that excessively thick cement mantles due to the use of undersized stems are unlikely to provide ideal hoop stress or radial creep associated with subsidence of the stems.
